Glow discharge spectrometry (GDS) was used to analyze Fe-Zn and Ni-Zn alloy films. In the analysis of the Fe-Zn alloy film, composition and coating weight of the alloy film were accurately determined from the relationship between the normalized Fe spectral line intensity ratio, 'Fe! ('Fe +1Zn), and Fe % and that between the sputtering rate, qFe zn, and Fe %. The region of low wattage discharge in an abnormal glow discharge, in which a good depth resolution was obtained, was used for the experiments. This method was also applied to the analysis of the Ni-Zn alloy film. In addition, depth profile analysis of the Fe-Zn alloy film was investigated.
I. Introduction
Glow discharge spectrometry (GDS)') is a method of atomic emission spectrochemical analysis. This method takes advantage of the cathodic sputtering2> in an abnormal glow discharge3> in a low pressure noble gas such as argon. The features of this analytical method are the stability of discharge, the applicability to wide range compositions,4) and the possibility of surface analysis and depth profile analysis. This5-s) method permits surface and bulk analysis of non-ferrous metals10-13) and iron and steel.14,15) To the depth analysis of alloy films AES and SIMS can be applied. However, GDS has a faster rate of sputtering and a higher efficiency than the other method of AES and SIMS. So far, the practical investigation of alloy coating analysis6, [16] [17] [18] [19] [20] is comparatively few. In GDS of alloy films, the researches of the relation between sputtering rate and alloy composition, the problems of preferential sputtering, etc. are basic subjects and the determination of average coating weight and composition is a practical problem. In this paper, the experimental studies on the determination of average coating weight and composition are described.
II. Experimental Procedure
A glow discharge spectrometer, Seiko SGS-1900 type, was used. A polychromator and a monochromator were used. The polychromator was evacuated (5 X 10-3 Torr) and the monochromator was filled with nitrogen gas. The polychromator and the monochromator were used for the analysis of films and the experiment of characterization of Fe, Zn and Ni spectral lines, respectively.
A glow discharge source was attached to the polychromator or the monochromator. Figure 1 shows the glow discharge source used, a floating anode type2l) with an electrode between an anode and a sample. High purity Ar gas is needed for a stable discharge; the Ar gas of 99.9995 % was used. Data processing was done with the calculator, DEC PDP 11/23. The Fe-Zn alloy electroplating was done in the plating bath of iron sulfate (II) and zinc sulfate. The substrates were steel and copper.
III. Experimental and Discussion
Analytical Conditions
The controllable parameters2) of glow discharge spectrometry are the discharge voltage, electric current, Ar gas pressure (Ar gas density), inner diameter of electrode (anode),11) configuration of anode,20) wavelength of analytical line22) and so on. These parameters influence the sputtering rate, spectral intensity, depth resolution in sputter profiling, etc.
Analysis of the electroplated Fe-Zn alloy film layer, a surface analysis, needs good depth resolution,16,22) The good depth resolution in sputtering profile is necessary through the interface between the coating film and the steel sheet and that between the outer layer and the inner layer in the double layer film. This depth resolution is influenced by both the glow discharge conditions and the original roughness and crystal orientation of sample surface.23) As experimental conditions, the inner diameter of an anular electrode, discharge current (with a constant current mode), and Ar gas pressure were tested and the conditions in Table 1 were selected to the following ex- Cross section of the glow disch arge source. * ** *** periments for a good depth resolution in sputtering profile.
In these experiments depth resolutions were compared for electrode inner diameters of 04, 5, 6, 7, and 8 mm at a 20 mA discharge current (constant) and a 4 Torr Ar gas pressure. The electrode of 06 mm inner diameter gave the best depth resolution and its electrode was used for the experiments. The depth resolution (flatness of profile crater) in this condition was investigated by a mechanical stylus device (Dektak II). The profile of the sputtered crater was flat bottomed as shown in Fig. 2 . Voltage-current curves which are one of important glow discharge characteristics were investigated for iron and zinc samples. Figure 3 shows the results. These voltage-current curves were obtained at inner electrode diameters of 0, 5, 6, 7 and 8 mm.
The region used for the experiments is shown in Fig. 3 . In a low pressure gas discharge, the normal glow discharge, the abnormal discharge and the electric arc occur with increasing electric current. In the abnormal glow discharge, the voltage increases with increasing electric current. For an electrode of 06 mm diameter and a Zn sample, the high-wattage discharge region is in a vicinity of 50 mA-1 200 V. The conditions of 20 mA-500 V used for the experiments is in a low-wattage region in which the sputtering rate is slower than in a high-wattage glow discharge region. Therefore, the glow discharge conditions used for the present experiments are suited for surface analysis.7~ Figure 4 shows the relationship between discharge voltages and the compositions of Fe-Zn alloy films at the 20 mA discharge current (4 Torr of Ar gas pressure). The voltage elevates with increasing Fe % in the films. The influence of the voltage on the sputtering rate and the light intensity was studied by varying the Ar gas pressure in the constant current mode. In general, the sputtering rate became faster and the light intensity of Fe and Zn spectral lines became higher with increasing voltage or decreasing Ar gas pressure, and the light intensity ratio, I Fel (I Fe+ IZn), did not vary significantly. Table 2 shows the analytical lines241 used for the experiments. The Ni spectral line was used for the analysis of Ni-Zn alloy electroplated films of which results are described below. The characteristics of spectral lines were studied. For example, the results of Fe spectral lines are shown in Fig. 5 . The intensities of representative Fe spectral lines were measured by using the monochromator and a cold rolled steel sheet sample. The emission light intensity of neutral atoms was generally higher than that of ionized atoms. In this experiment it was also shown the spectral intensity of FeI 371.99 nm is high.24}
In addition, the background intensity at the wavelengths of spectral lines were nearly same and the intensity axis in the ordinate of Fig. 5 also shows the ratios of spectral line intensity to background.
Determination Procedure
The data of glow discharge spectrometry are ob- 
tamed as depth profiles and the analysis was done as shown in Fig. 6 . The analytical flow chart of a FeZn two layer alloy film is shown in the figure. The depth profile represents the relation, light intensity ratio (of Fe)-sputtering time. The intensity ratios, I1 and I2, and sputtering times, t1 and t2, for outer and inner layer were obtained from the profile. Coating weight and composition were determined from the working curves which were the relation between intensity ratio and Fe % and that between sputtering rate and Fe %. First, an outer layer film was analyzed. The composition of Fe was determined from the light intensity ratio in the working curve, I Fel (I Fe+I zn)-Fe %. Coating weight is determined from the Fe % and the sputtering time in the another working curve, sputtering rate-Fe %.
The inner layer was analyzed in the same way. A light intensity ratio and a sputtering time were measured as shown in Fig. 7 . Reference samples were two kinds. One was of the copper substrate ( Fig. 7(a) ) and another of the steel (Fig. 7(b) ). The composition of films were high concentration of Fe ( Fig. 7(a) ) and high concentration of Zn (Fig. 7(b) ). The intensity-time profile of two layer film is shown in Fig.  7 (c) and Fe content of an outer layer is high and Zn content of an inner layer is high. For copper substrate reference samples, the intensity ratio, 'Fe! (IFe+Izn), becomes practically zero, or of background intensity, at the copper substrate. The intensity ratio for the coating layer is I1. The period in which the intensity ratio becomes a half of I1 was defined as a sputtering time, t1, for alloy film layer. In steel substrate reference samples, the intensity ratio for a film layer is I2 and the period in which the intensity ratio becomes a half of (I2+I3) was defined as a sputtering 
Transactions ISIJ, Vol. 27, 1987 time, t2, for the layer : 13 being the intensity ratio at the steel substrate. For a two layer film the intensity ratios for an outer layer and an inner layer are Ii and 12, respectively. The sputtering time is defined as follows. The sputtering time of an outer layer, t1, and of an inner layer, t2, are the periods in which the intensity ratio becomes a half of (11+I2) and a half of (12+13), respectively. The intensity ratio, 11(i =1 '-'3), expresses the intensity ratio formula, {I Fel (IFe+I zn)}i, (i =1.'3), where 'Fe and IZn are the measured intensities of Fe and Zn spectral lines, respectively. For the copper substrate reference sample, IFe/(IFe+Izn+Icu) was measured. However, ICu is practically zero at the coating film layer and I Fel (IFe+Izn) was used for the following data analysis. The depth profile data were measured for 0.5 s at intervals of 2 s, and the data were treated as IFef (IFe+Izn)-sputtering time.
Intensity Ratio and Sputtering Rate
The relationship between IFe'(IFe+Izn) and Fe % and that between sputtering rate and Fe % were investigated. These were similar to the other results.17~ Single layer film samples were used. These results are shown in Figs. 8 and 9 , respectively. The sputtering rate is slower with higher Fe %. The sputtering rate (yield) for pure metals by Ar gas ions has a periodic rule and the sputtering rate is faster for Zn than Fe. The mechanism influencing sputtering rate for alloys is not adequately known. In the experiments the sputtering rate decreased with increasing content of Fe in Fe-Zn alloy films, and this result is similar to the result reported.13~ The sputtering rate is influenced by oxide layer,15~ difference of crystal orientation of alloy layer,11 size of coating particle,25~ difference of Ar ion incident angle due to the difference of sample surface shape,26) etc. In the experimental result the relationship between sputtering rate and Fe % was good and the sample history was same, and so it was considered that the influence of these above factors on the sputtering rate was small. Figure 10 shows the relationship between 'Fe and Fe % and that between IZn and Fe %. The data are similar to those of Fig. 8 . The shapes of the curves (IFe Fe %) and (Izn-Fe %) are convex and concave, respectively. This light intensity relationship to the composition and the sputtering rate is described below. The term, sputtering yield, is used for representing sputtering rate. It represents the amount of atoms which are sputtered from the cathodic metal surface by Ar gas ions. In the depth profile analysis, the term, sputtering rate, is used. It means the thickness or the weight of a film sputtered in a unit time. The sputtering rate is measured by a weighing and a stylus device measurement of samples.
In this paper the sputtering rate was derived from the sputtering time of a coating film layer sputtered and an amount of the coating weight of a film which was known by the chemical analysis. The practical sputtering rate is represented in the forms such as thickness of a film layer sputtered in a unit time (for example, m/min), or weight in a unit time (for ample, mg/min), or reduced sputtering amount unit time and current (for example, g/min/mA). this paper the sputtering rate is represented in Research Article Transactions ISIJ, Vol. 27, 1987 (895) unit, (g/m2/s), as the amount of the coating weight is industrially expressed in a unit area. Next the relationship between the light intensity and the sputtering rate is described below. It is assumed that the light intensity27~ is proportional to the amount of atoms which are sputtered and introduced into plasms.4~ This relation for Fe-Zn alloy films is expressed in the following equations, on the assumption that the specimen is not preferentially sputtered, (2) where, 'Fey I Zn : Light intensities per unit time of Fe and Zn, spectral lines, respectively qFe-Zn: Sputtering rate for a Fe-Zn alloy film qFe, qzn : Sputtering rates of Fe and Zn, respectively in Fe-Zn alloy films We, W Zn : Composition of Fe and Zn of a sputtered layer of a specimen, respectively a, b : Coefficients (the specimen is continuously sputtered and the intensity is measured for 0.5 s in intervals 2s.) Equations (1) and (2) (4) In Fig. 10 , a linear relation between IFelgFe-Zn and Fe % and that between I zn jgFe-zn and Fe % are obtained from the result in Fig. 9 and Eqs. (3) and (4).
It is understood that the light intensities measured of Fe and Zn spectral lines are proportional to the product of the composition and the sputtering rate of a specimen, that is to say, the amount of atoms sputtered.
Further, the integration of Eqs. (1) and (2) When the coefficient a is equal to b, I Fe/(I Fe+Izn) is equal to W Fe. In the experiments a was equal to 1.5b. Further, the relationships between the normalized Ni spectral line intensity, I Nll (I NI+Izn) and the Ni wt% and that between sputtering rate and Ni % are shown in Figs. 13 and 14 , respectively. Then, the same glow discharge conditions as in Table 1 were used, as a good depth resolution was obtained with the conditions.
Analytical Accuracy
The comparison of determination values for FeZn single layer films obtained by GDS and chemical analysis is shown in Fig. 15 . The chemical analytical values were determined in the following procedures. The Fe-Zn alloy films of samples were dissolved in hydrochloric acid and the contents of Fe and Zn were determined by I CP method. The amounts of Fe and Zn were converted to the Fe % and the coating weights of the sample films.
Analytical accuracies (ad= V d21 (n--1), d: differ- (896) Transactions ISIJ, Vol. 27, 1987 ence between a GDS analytical value and a chemical analytical value, n : number of samples) were 0.31 g/m2 and 0.96 % for the coating weight and the Fe %, respectively. These accuracies were satisfactory. The accuracies of analytical values obtained by Eqs. (5) and (6), and Figs. 11 and 12 are 0.40 g/m2 and 1.10 % for coating weight and Fe %, respectively. They were also satisfactory. Next, a comparison of Fe % of Fe-Zn two layer film by GDS and X-ray fluorescence analysis method (XRF) was made.28~ It was impossible for FeZn two layer films to determine the individual contents of outer and inner layers, and so the GDS analytical values were compared with by soft X-ray fluorescence analysis method in which critical thickness of X-ray fluorescent intensity of film composition is small. Figure 16 shows the procedure of comparison used for the experiments. An X-ray fluorescence spectrometer, Rigaku sequential IKF-4 type, was used. The analytical conditions were : Xray tube target, Cr; excitation, 50 kV-50 mA; line, ZnLa (' 12.254 A); measuring period, 100 s. First, depth-profile analysis by GDS was made and the relationship between the intensity ratio, IFe/(IFe+Izn), and the sputtering time was obtained. Next, the position near the first sputtered point was sputtered during the period in which an under layer was expected to appear and the sputtered point was analyzed by X-ray fluorescence.
A Ti sample mask of ~55 mm diameter was used. Its diameter was smaller than the inner diameter of the glow discharge electrode, 06 mm. In the X-ray fluorescence analysis of an inner layer, three different sputtering times were selected and the three determination values of three points were averaged. In the analysis of an outer layer, an unsputtered sample was analyzed with a Ti mask of X30 mm diameter. These results for outer and inner layers are represented in Figs. 17 and 18 , respectively. The analytical values by GDS are in fair agreement with by XRF.
Depth Profile Analysis
Depth profile analysis was done with the procedure in which the light intensity vs. sputtering time curve is transferred to the composition vs. coating weight curve in every short interval (interval time : 1 s, integration time : 0.5 s). Representatively, the result of a Fe-Zn two layer film is shown in Fig. 19 .
Iv. Conclusion
(1) A single and two layer of Fe-Zn alloy electroplated films can be accurately analyzed from the relationship between IFe'(IFe+Izn) and Fe % and that Vol. 27, 1987 (897) between sputtering rate and Fe %. The determination values of an outer and an inner layer in Fe-Zn, two layer films agreed accurately with the values by the soft X-ray fluorescence analysis.
(2) The glow discharge condition used for the experiment was a low-wattage condition in an abnormal glow discharge. The depth resolution was good. It was shown that in this glow discharge condition the intensities of Fe and Zn spectral lines were respectively proportional to the product between the film composition and the sputtering rate at the composition.
(3) The analysis of Ni-Zn alloy films and depth profile analysis of Fe-Zn two layer films were also made. 
